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ABSTRACT

Gas tracer and steam front velocities in addition to flow model
calculations are used to characterize rubble bed structure in an oil
shale.retort. The gas tracer method is shown to have superior resolu-
tion to the steam front method in detecting rubble bed variations. The
tracer method is potentially less expensive. Recommendations for fur-

ther research are made.
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INTRODUCTION

Vertical modified in situ (VMIS) retorting of oil shale has been
studied for several years as a potential source of hydrocarbons.(l’z’S)
In this method a chimney of oil shale rubble is created by mining and
blasting. The rubble is ignited at the top and airflow is established
through the chimney. The burn front moves down through the retort
heating the shale in front of it to retorting temperature. O0il mist
produced, condenses farther down in the retort and flows to the collec-
tion system at the bottom. A typical rubble chimney is twenty to fifty
meters on a side and one hundred to two hundred meters high. A retort
in this size range contains fifty million to nine hundred million kilo-

grams of oil shale and has a potential yield of four million to seventy

million kilograms of shale oil.

One of the problems associated with the MIS process is the diffi-
culty of forming a uniform rubble bed. A nonuniform rubble chimney
causes poor distribution of airflow resulting in low sweep efficiency,
which is defined as the fraction (by weight) of shale heated to retort-
ing temperature by the retorting front. The overall product yield is
related té sweep efficiency because channeling of the retorting front

causes product to be burned, decreasing the yield.

To predict the flow behavior of a retort, one must first measure
some of the properties of the rubble bed. Two rubble bed characteriza-

tion methods with some history of success are steam front monitoring and



gas tracer testing. The steam condensation front which precedes the
retorting front has been found to map accurately the shape of that

(4)

retorting front. This method is used in two ways. First; the actual
shape of the steam front can be determined if enough thermocouples are
placed in the rubble. Second, a sweep efficiency can be calculated
based on the total energy input into the retort before steam front
break-through at the bottom of the retort. The other method, gas tracer

(1,2,3)  1pis

testing, has been used on most of the larger MIS retorts.
method requires that airflow be established through the retort followed
by injection of a pulse of tracer gas into the retort at a predetermined
location. The concentration of the tracer gas is monitored at detection
points downstream from the injection point. Gas tracer measurements are
repeated at different injection and detection points until the areas of
interest in the rubble bed have been swept. The concentration data
collected at the defection points can be used to calculate properties of

the retort system such as gas velocities, dispersion constants, and void

fractions,

The steam front monitoring method has two major weaknesses. First,
the steam condensation front exists only after the retort has been
ignited. There is little time for adjusting operating conditions to
correct any flow nonuniformities discovered using steam front measure-
ments. Running a separate steam test on a VMIS retort is prohibitively
expensive. Second, unless thermocouples are placed throughout the
rubble, there is no way of determining the locations of nonuniformities

so that corrective procedures can be implemented.



The gas tracer method can be used prior to ignition and can indi-
cate the general locations of nonuniformities. However, this method has
several problems. First, the number of tracer tests that can be run is
limited by economics and, in the case of radioactive tracers, by total
allowed radioactive emissions while the number of flow channels in a
retort is effectively infinite. This means that a complete description
of a retort is impossible and that, depending on the number of tracer
tests run and the regions through which this tracer passes, there is
probably a minimum size of channel or obstruction that can be detected.
The interpretation of tracer test results from MIS retorts has been
limited because of these problems. The tracer testing method does,
however, offer the greatest potential for improvement if some of its

problems are defined and solved by appropriate research.programs. -

The current plan is to investigate the tracer testing method in
nonuniform retorts and to define and address some of the problems with
the method. This investigation includes a comparison of steam front
measurements with tracer testing measurements énd incorporates the use
of flow models to aid in the interpretation of the tests. The largest
available retort is used to minimize scale up problems. This report
discusses some of the problems associated with tracer testing and shows
how the steam front and model predictions compare with the tracer test

results.



EXPERIMENT

The tests described have been run in Western Research Institute's
(WRI) nominally sized, 150-ton, batch type, experimental oil shale
retort located approximately one kilometer north of Laramie, Wyoming.
The retort holds a rubble bed 3.505 meters in diameter and typically
13.11 meters‘in height. A more detailed description of the retort is

(5)

found clacwhere.

The retort is loaded with shale of a measured size distribution and
is instrumented at four levels with eleven gas taps and thermocouples on
each level as shown in figure 1. Probe level 1 is located approximately
two meters from the top of the rubble bed and the other levels are
spaced at 2.74 meter intervals down the retort. On each level a sam-
pling tap and a thermocouple are placed at the centerline of Lhe retort.
Eight chers are placed at 0.30 meter intervals to the north and south
of the centerline. The last two taps and thermocouples on each level
are located on the same line 1.68 meters from the centerline. Starting
from thc north side of the retort the taps on each level are designated
A through K, where A and K are the taps near the walls and F is the tap
on the centerline. The level number and the tap letter are used to
describe each tap; for example, 1A means probe level 1 and tap A. A
thermocouple and a gas sampling tap are also located at the outlet of

the retort.

The tracer testing plan for the retort consists of two stages. In

stage 1 the retort is tested after it is loaded to 1.4 meters above the
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second probe level (see figure 1). This series of tests is designed to
determine the properties of the unperturbed shale bed. After stage 1
the retort is opened and loading continues. At this time a cylindrical
obstruction is placed on the center line of the retort. The obstruction
is a 0.91 meter diameter, 0.91 meter high cardboard tube filled with oil
shale and covered with a disc of plywood. The top of this obstruction
is positioned 0.38 meters below probe level 1. Shale is added until the
retort is filled to a lcvel 0.81 meters below the top opening and 1.98

meters above probe level 1. After the retort is closed, the stage 2

tracer tests are begun.

The tracer testing system consists of a tracer injection system, a
tracer detection system, and a tracer respoﬁse analyzer. The injection
system is shown schematically in figure 2. This system uses a fast,
precision solenoid to release a timed pulse of tracer from a constant
pressure reservoir. This pulse travels through the gas sampling‘pube
into the retort. Accurate, reproducible injections are bossible with
this injection system. A typical injection consists of a two or three
second wide pulse at a tracer reservoir pressure of 345 kPa. Krypton-85
(Kr-85), the radioactive tracer gas chosen for these tests, has been

(1)

used extensively on both large and small oil shale retorts.

The use of a radioactive tracer allows a relatively simple and
expandable detection system to be used. This detection system is shown
schematically in figure 3. The positive pressure on the retort provides

sample gas flow through the sample tap tubes to the detection chambers.
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In a detection chamber a Geiger-Mueller tube detects Kr-85 disintegra-
tions. The signal is conditioned in the modified Geiger counter and is
sent to the counting system where the counts are totaled over a preset
interval. A computer calculates the characteristics of the tracer
response curve using the count totals. Standard curve characteristics
calculated are the area, first, second, and third moments, and the peak

arrival time. Data printouts and graphs are output to the user.

The tracer test plan is designed to allow detailed velocity mea-
surements in the region of the retort around the barrel at three super-
ficial gas velocities (SGV). The superficial gas velocity is the volum-
etric flow rate divided by the cross-sectional area of the retort.
Injections are made at the air inlet, at each sample tap on probe level
1 and at five sample taps A, D, F, H, and K on probe level 2. ¥or each
injection, twelve detection sémple taps are monitored. Eleven of the
detection sample taps are in one of the probe levels below the injection
point and the twelfth tap is at the outlet. For example, to run a
complete set of tests at one superficial gas velocity, four injections
are made at the air inlet so that all four probe levels can be moni-
tored. Three injections are made into each tap on probe level 1 and two
injections are made into each of five taps on probe level 2. The
resulting number of tests for each superficial gas velocity, excluding
repeats and stage 1 tests, is forty seven. The number of .injection-
detection pairs of taps for each superficial gas velocity is more than

five hundred.



Following the tracer tests, a steam flow test is conducted to
estimate how a burn front would move through the retort. The steam test
is run with an SGV of 0.0117 m/s of which 70 percent by volume is air
and 30 percent by volume is steam. Both air and steam are heated to
112.8°C before entering the retort. Only heated air is introduced into
the retort for the first four hours of the test to see 1f a low level
fast moving thermal wave caused by the hot air can be detected (none was
seen). After the initial four hours, steam is added to the air in the
proportion stated above and the test is continued with no further

changes in operating conditions.

MODELS

A computer program for modeling flow in porous media has bcen
written by Bryan Travis of Los Alamos National Laboratories (LANL).
This model uses a finite difference scheme to solve numerically equa-
tions for mass conscrvation, tracer coancentration and conservation ot

(6)

momentum. An early version of the Travis model has been applied, by

(7)

Sandia National Laboratories (SNL), to modeling the 150 ton retort.

That version of the Travis model uses the Darcy flow equation

U= -(K/p) (VP - pg) - (1)

where U, K, p, VP, p and g are the SGV, permeability, fluid viscosity,
pressure gradient, fluid density and gravitational acceleration respec-
tively. This equation is a good dpproximation for low Reynolds number

(Re), that is, for

10



Re = DP | U | p/pe € 10 (2)

where D is the effective particle diameter, € is the porosity and the

other parameters are the same as in equation (1).

A copy of this version of the Travis model has been obtained from
SNL and has been modified to include a refinement made by Travis. In

the improved version of the model equation (1) has been changed to

1.75 p D

P
UG+ 55 me)n

| U] ) = -(&k/1) (VP - pg). (3)

Letting

g3 D 2
K= =ty
150 (1-¢)

(4)

equation (3) becomes a form of Forchheimer's motion equation called

(8)

Ergun’s equation. Ergun's equation is valid for a larger range of
Reynolds number than 1is equation (1). Expressed as a function of

Reynolds number, equation (3) 1is

1.75¢

UG+ 355708

Re ) = -(K/u) (VP-pg). (5)

Note that for €<1 (which must be the case)

1.75¢
150(1-¢)

lim

Re » o ui1+

Re ) = U (6)

11



9)

which is the Darcy flow case (equation (1)). Ergun and Minster and

(10)

Fausett discuss the origin, limitations and application of equa-
tion (3). Minster and Fausett discuss the use of a shape factor and
other modifications to the Ergun equation. A shape factor is added to
the Ergun equation by substituting ¢S Dp for Dp in equations (3) and
(4). Based on data from 22 experiments on raw crushed oil shale Minster
and Fausett have determined that ¢S = 0.47 is an appropriate value.
This value is used with both the Travis model and the Szekely madel ta

.

be discussed below.

The input parameters for the Travis model are particle size, void
fraction, permeability and either the top and bottom pressures or the
velocity at the bottom of the retort. The output of the model is pres-

sure and velocity as a function of position throughout the retort.

A flow model has been developed by Julian Szekely to simulate flow
(11)

through blast furnace burdens. This model uses a vectorial version
of the Ergun equation to decscribe flow through packed beds with spa-
tially varying void fraction and particle size. This model is used by
Szekely and others to study a large variety of rubble bed packing

(11,12,13)

arrangements. The results indicate that the model works well,

if modifications are made for void defects near walls and for low per-
meability interfaces between areas of different particle sizes.(la)

These modifications will be incorporated if the basic model shows qual-

itative agreement with experiments.

12



The input parameters for this model include gas flow rate, and the
spatial arrangement of particle sizes and void fractions. The values
output by the model include the overall pressure drop, stream function

values, and pressures and velocities in all areas of the rubble bed.

DISCUSSION
Tracer Data

The tracer test data are in the form of tracer concentration as é
function of elapsed time since injection. Typical tracer response
curves are shown in figures 4 and 5. Note that both examplgs have
obvious peaks and that the decay time is longer than the rise time;
" Since the response curve in figure 4 has‘a lower concentration than the
curve in figure 5, the random noise is more apparent. In many cases
this becomes an important factor. For example, if an analysis based on
the mean residence time, variance, and skewness (Ist, 2nd ‘aﬁd 3rd

moments respectively) of the response curve is desired, the noise level

can seriously affect the values obtained by exaggerating the weight of -

the tail region of the curve. The use of curve fitting techniques can
reduce the noise problem by approximating the response curve with an
acceptable curve shape. However, the validity of this method of anal-
ysis depends on selecting the proper parameters to represent the system.
The objective of this study is to compare tracer response data with

steam flow data and model predictions. Tracer velocities are used for

13
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the comparisons. No effort is made to analyze the curve shapes result-

ing from the tracer tests except where multiple peaks are apparent.

The multiple peak phenomenon is seen in several of the response
curves. Examples are shown in figures 6 through 9. 1In most cases the
double peaks are seen when injection and deteclion taps are adjacenl Lo
the retort walls. This may be indicative of a higher rubble void frac-
tion near the wall which éauses a relatively direct flow path compared
to tortuous flow through the rubble bed. To investigate this possibil-
ity, the response curve shown in figure 6 has been analyzed using the
Ergun equation to determine the relationship between the void fractions
of the two regions. The Ergun equation is applied to each of the two
regions using the assumption that fluid viscosity, shape factor, part-
icle size and fluid density are the same for each region. Since the
pressure drop between the injection point and the detection point must
be the same for each path, the two equations can be combined resulting
in the desired relationship between the wvoid fractions in the two
regions. Obviously, the two void fractions can not be obtained indepen-
dently, but a reasonable value for the rubble void fraction can be used
to produce an estimate of the void fraction near the wall. Using the
average bed void fraction, 0.472, for the rubble bed void fraction

results in an estimate of 0.904 for the void fraction along the wall.

In some cases where tests have been repeated, two distinct types of
response curves result. Figure 10 shows one example of this effect.
One of the response curves, A, has a double peak, probably indicating a

flow channel along the wall. The other response curve, B, shows only

16
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one peak, but the response time of this peak is nearly the same as the
response time of the first peak of curve A. This effect may also be due
to the nearness of the wall. Slight variations in injection pressures
or volumes, or rubble bed settling could direct the tracer towards or
away from the wall causing single or double peaks. Since the rubble bed
geometry below the injection taps is not known in detail, no further

analysis of this effect is possible.

The tracer response times are converted into an apparent velocity
by dividing the straight line distance betwccn the injection and detec-
tion points by the response time. A plot of the apparent tracer velo-
city versus the superficial gas velocity for stage 2 inlet to outlet
tracer tests is shown in figure 11. The expected SGV/e is also shown.
The reason for the low tracer velocity at the higher superficial gas
velocity is not known. In an effort to see if this effect is general,
similar plots have been prepared for tracer velocities between adjacent
vertical taps in the rubble bed. The plots for the stage 1 tests are
shown in figure 12 and the plots for the stage 2 tests are shown in
figures 13 through 15. Most of the curves show the same effect at the

higher superficial gas velocity.

Model Data

Comparing the flow model predictions with the tracer test results
is complicated by uncertainty about the rubble bed configuration. Both
the Travis and Szekely models use the Ergun equation (3) Lo relate the

-

22
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velocity with the pressure gradient. This equation requires that the
bed parameters & and Dp be spatially uniform (4). Ergun's equation in
differential form can be used for cases where these parameters vary in a
known manner, but random variation can be treatedlonly in a statistical
sense. Since the rubble bed configuration is (to some degiee) uncer-
tain, the effect of spatial variation of € and Dp should be considered.
A seusilivity analysis has been made in order to demonstrate the effect

of this uncertainty on the validity of the model calculations.

Specifically the sensitivity of K (equation (4)) with respect to ¢

and DP is of interest. By definition these sensitivities are respec-

tively
K o lim  MK/K _ & 3K (7
£ = A >0 Ag/e K o¢
and ’
K lim AK/K D, ax
S = 2 == (8)
DP = AD >0 ADP/D K BDp

Equation (7) says that the sensitivity of K with respect to & is the
fractional (or percent) change in K divided by Lhe fractional (or per-
venl) change in € for vanishing small changes in € with DP constant. A
corresponding statement can be made for equation (8). Applying these

definitions to equation (4) yields

S~ = 2 9)
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and

S. =3+ 7 . (10)

The change AK can be approximated using the total differential of K.

The approximation is

AD o+ 52 At . (11)

Substituting sensitivities into equation (11) and dividing by K we have,

for small changes in £ and Dp’ the fractional change in K

4 28y B (12)

AK
K 1-¢ €

1

[\
<) B

+

VY

W

In particular, if the fractional change in Dp and ¢ is 0.1 and if . the
nominal € = 0.472 the effect on K is a fractional change of approif;

mately 0.68 or 68%.

To illustrate the presence of spatial nonuniformities tracer and
model calculation results have been converted to  apparent velocities and
normalized by dividing the velocities by SGV/&. The normalized data from
the stage 1 tracer tests are plotted as a function of radial position in
figures 16 through 18. Note that the velocities near the center of the
retort are lower than the velocities near the retort walls. The model
predictions correspond to a normalized velocity of 1.0 for all radial
positions. Figure 16 shows that, for the sample point orientation being

used, there is not a material balance. Both sides of the retort have
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lower velocities than are necessary to account for all the air moving
through the retort. Since there is no obstruction in the retort during
the stage 1 tests, the nonuniform velocity distribution and the lack of

mass balance must be the result of bed nonuniformities.

Normalized apparent velocities calculated from the stage 2 tracer
tests are plotted as a function of radial position in figures 19 through
24. In figures 21 through 24 values calculated from the two flow models
are also plotted. Because of the different interpolation techniques
necessary for the two flow models, some end effects appear when velocity
calculations are made near the walls or the centerline of the retort.
However, for velocities away from the walls and the centerline, the two
models are in good agreement. For velocities between probe level 1 and
probe level 2 the models predict uniform velocities at radii greater
than 0.61 meters and lower velocities nearer the center of the retort.
The tracer tests show a more pronounced difference in velocities, with
very low velocities near the center of the retort and high velbcities
near the wall. Tests at all superficial gas velocities show the same
general characteristics. For velocities between probe levels 2 and 3,
the models predict uniform velocities across the bed and the tracer
tests show nearly uniform velocities for the 0.0117 SGV. At SGV's of
0.0056 and 0.0154 m/s; however, there are again the low velocities at

the center of the retort and high velocities at the walls.
To compare stage 1 data with stage 2 data, the stage 2 velocities
between probe levels 2 and 3 have been divided by the stage 1 velocities

al the same positions. The plot of the resulting values at an SGV of
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0.0117 m/s is shown in figure 25. This plot shows that the addition of
the barrel increases the gas velocity near the center of the retort
below the barrel while the velocities in stage 2 near the wall are less

than or equal to the stage 1 velocities.

Steam Data

The thermal profiles from the steam flow test are shown in figures
26 through 37. The total time span of the test is 48 hours including
the four hour hot airflow period. At probe levels 1 and 2 the shale
near the north wall heats first, while at probe level 4 the shale near
the south wall heat first. Temperatures toward the center of the retort
tend to lag the outer temperatures. The level 2 temperature rise is the
most uniform during the heatup period, followed by levels 3 and 4, with

level 1 showing the least uniform rate of heatup.

Heat loss from the retort walls is shown in temperature profiles
behind the steam front. Temperatures at the outside thermocouples level
off 1 to 6 degrees Celsius below the second thermocouple in trom the
wall. Near the end of the test, when the entire bed is hot, the temper-
ature decline at the outside thermocouple is greater at the south wall

than at the north wall for all probe levels.
Figute 38 shuws Lhe Lemperature profiles at ditterent times as the
steam front moves down the retort. The 38°C profiles are plots of the

temperatures on a given level the first time any thermocouple at Lhal

40



4

SGV =117 x 1002 m/s
SGV/€ = 2.48 x 10°2 m/s

Normalized Apparent Velocity

T A-F
1.0 aps
\ Uniform Bed Velocity
Taps F-K
0.0 L L l ]
0.0 0.5 1.0 1.5 2.0

Distance from Center (m)

Figure 25. Level 2 to Level 3 Stage 2 Velocity Divided by Stage 1 Velocify



(A4

Temperature (°C)

Thermocouple

1A
———18B
—-—1C

-——1D

—

g 9 10 11 12
Time into Run (hrs))

Figure 26. Steam Test Thermocouple Data



1384

751

65

45

35

Temperature (°C)

25

15

Thermocouple
1D

¥
. ———IE

—-—1F

—1G
--------- TH

I B
10

12

Time into Run (hrs.)

Figure 27. Steam Test Thermocouple Data



vy

Temperature (°C)

85

75

65

55

45

35

25

| PPN

Thermocouple

1G
1H

— -1l

1J

9 10 -
Time into Run (hrs))

Figure 28. Steam Test Thermocouple Data



Sy

Temperature (°C)

85

Tt ’__A'\’-\/_—____th M.C/\—_
////’; ....... NS beintlehdnis
75 .
65
55+
45}
335 Thermocouple
2A
2o 28
- 2C
15 2D
--------- 2E
5 | - | P R BN )
15 16 17 18 19 20
Time into Run (hrs.)
Figure 29. Steam Test Thermocouple Data



A4

Temperature (°C)

85—

- -
— e A n— s ——— R ~

-
- -
-

751

65

55+

33 Thermocouple

25 2D
2E
———2F
15 - 2G
oo 2H
sl e e e e e e e )
15 16 17 18 19 20

Time into Run (hrs))

Figure 30. Steam Test Thermocouple Data



Ly

Temperature (°C)

85+

75+ .

65t

551~

45

35

————
-

Thermocouple

2G
25
2H
- 21
15 . 2)
--------- 2K
5 | N I B R
15 16 17 18 19 20

Time into Run (hrs))

Figure 31. Steam Test Thermocouple Data



o)
O

~N
(6,]

o
(8,

(S,
(6]

I N
O

w
On

8y
Temperature (°C)

N
(S,]

(S}

.....

..........

Thermocouple

3A
3B
~—3C
.——3D
--------- 3E

Time into Run (hrs.)

Figure 32. Steam Test Thermocouple Data



6y

Temperature (°C)

75+

65

55+

45+

35"

25

15

85[—

| NP RN BN [P

Thermocouple

3D
3E
3F
3G

25 26 27 28

Time into Run (hrs.)

Figure 33. Steam Test Thermocouple Data

29



0¢s

85
75k
65|
)
°o_ 55
o D
2 b :/ [
2 A /
) /
o !
£ 35 |
© Thermocouple
3G
25 3H
- 3l
15 3J
--------- 3K
5L S SN S
24 z5 26 27 28 29

Time into Run (hrs.)

Figure 34. Steam Test Thermocouple Data



LS

Temperature (°C)

85

Thermocouple

4A
4B
-—4C
-—— 4D
-------- - 4E

| I | M R SR VA S U SR S S s

BEY 35 36 37 38

Time into Run (hrs.)

Figure 35. Steam Test Thermocouple Data



A

Temperature (°C)

85+

751
65
551
45
33 / Thermocouple
05 4D
4E
- —— 4F
15 -— 4G
--------- 4H
5 [ - R USSR S S R N S S |
33 34 35 36 37 38

Time into Run (hrs.)

Figure 36. Steam Test Thermocouple Data



189

Temperature (°C)

85

75

65

55

45

35

25

Thermocouple

4G
4H
4]
4]

Time into Run (hrs))

Figure 37. Steam Test Thermocouple Data



Temperature (°C)

TC

66
38

10

66

38

10

66

38

10

Figure 38. Steam Front

54

A B C D E F G H I J K
77
- \
71
66
E— \.\L/\\
_\ 71
38—
- —Level 2—
77
- \/ —
71
n __level 4_/
38 ‘




level reaches or exceeds 38°C. Similar criteria have been used to
select data for the 66, 71, and 77°C profiles. Probe level 2 has only
three profiles because the maximum temperature at that level goes from
less than 67°C to more than 71°C in a single measurement period, result-

ing in identical profiles for the 67 and 71°C criteria.

The profiles at level 1 are consistant with a flow pattern that is
not parallel to the long axis of the retort. The asymmetric flow may
have been caused by fines in the shale bed or by end effects from flow
entry into the top of the shale bed. The barrel being used as a flow

obstruction may also contribute to the flow pattern at level 1.

Level 2 shows a uniform set of temperature profiles indicating a
flow parallel to the long axis of the retort and uniform in velocity
across the retort. Level 3 shows a lag in steam front approach near the
center of the retort, which is probably due to a packing nonuniformity.
Level 4 also shows a lag in the steam front approach, this time the lag

is just left (north) of the center of the retort.

Figures 39 and 40 show the normalized steam front velocities
between probe levels 1 and 2, and between 2 and 3, respectively. The
velocities are normalized by the weighted average velocity at each
level. In figure 39 the velocity near the centerline of the retort is
higher than the velocity near the walls indicating that less energy is
being used to heat shale in that region because the shale in the barrel
is bypassed. Below the barrel, figure 40 shows that the steam velo-

cities are nearly the same across the retort.
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Since it is not known to what extent the refractory is heated by
the steam, the sweep efficiency of the steam front can not be accurately
estimated. Depending upon the fraction of the refractory assumed to be
heated, the calculated sweep efficiency ranges from 78% to 114%. The

true sweep efficiency can not be greater than 100%.

CONCLUSIONS

The intent of this experiment has been to have a unitorm rubble bed
except for the barrel. Problems associated with screening and loading
the shale have resulted in a nonuniform bed. This is evidenced by the
radial variation in tracer velocities during the stage 1 tracer tests
(figures 16-18). The velocities near the center of the_retort are much
lower than those near the walls. A uniform rubble bed should have no
velocity variation except very near the walls. The steam test and the
stage 2 tracer tests also show lower velocities below the barrel than
near the walls although the effect is not as dramatic as with the stage

1 tracer tests.

The decrease in tracer velocities at the highest superficial gas
velocity, as shown in figures 11 through 15, may be caused by either of
two things. The first possibility is that at the higher flow rate much
of the tracer is held in stagnant areas of the retort causing the tracer
peaks to have anomolously long residefice times. The second possibility
is that the air flow measuring devices have lost calibration either
during or just before the tests. The flow models do not predict this

flow behavior.
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The effect of the barrel on the steam front is small. There is
some agreement between steam and tracer velocities between probe levels
2 and 3. Both sets of data show lower velocities in the center of the
retort than at the walls. The tracer and steam tests between probe
levels 1 and 2, however, do not show the‘same effect. The steam front
perturbations were not sufficiently large to allow full characterization
of the relationship between the tracer velocities and the steam front

velocity.

It has been shown by the sensitivity analysis that small rubble bed
nonuniformities cause measurable flow perturbations. Furthermore, the
tracer test results indicate the presence of nonuniformities that are
not observed in the steam test results. This demonstrates that the
tracer method has superior resolution to the steam front method for
rubble bed characterization, héwever, the method has certain problems

which should be addressed.

RECOMMENDATIONS

In order to solve some of the problems described in this report
several areas need further study. A larger obstruction is needed to
cause a greater perturbation of the steam front shape. This would allow
a more compreheusive comparison of steam data with tracer data to be
made. As part of this study the retort should be better instrumented to
determine heat losses so that an accurate steam front sweep efficiency

can he calculated.
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In conjunction with WRI's tracer testing program on the large
retorts a large number of small scale tests are needed to determine
several basic relationships. This report shows one instance where
repeated injections at the same tap do not always produce the same
response curve. A study needs to be made to determine the relationship
of tracer response curve shapes to injection variables such as injection

point geometry, injection pressure and injection volume.

The flow perturbation '"shadow" caused by the barrel in this report
was not very large. The effect of obstruction size and the distance ot
the obstruction from the injection and detection taps needs to be
studied. The results of such a study may allow researchers to determine
whether a tracer test can resolve the difference between a small
obstruction near the ipjection point and a larger obstruction farther

away.

Several examples of multiple peaks are shown in thia report.
Techniques of scparating and characterizing the multiple pathways indi-
cated by these peaks must be developed. Signal processing methods may

be ot use i1in determining the exact spaciug of vverlapping peaks.
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